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Abstract — The  re-ignition  phenomenon  is  observed  when  fuel/ 
oxidizer  is  re-introduced  into  an  atmospheric-pressure  plasma 
discharge  generated  by  cutting  off  the  gas  flow  in  a  re-entrant 
microwave-plasma  applicator  system  used  for  plasma-assisted  ig¬ 
nition  and  combustion  research  works.  Results  indicate  that,  for 
re-ignition  to  occur,  the  electric  field  must  be  strong  enough  to 
fully  establish  a  weakly  ionized  and  self-sustained  plasma  dis¬ 
charge,  and  with  elevated  radical  concentrations.  The  re-ignition 
was  possible  at  gas  flow  speeds  higher  than  typical  flame  propa¬ 
gation  rates,  and  temperature  measurements  (thermocouple  and 
N2  emission)  reveal  that  re-ignition  occurs  under  auto-ignition 
temperatures.  The  high-speed  imaging  of  the  flame  propagation 
shows  that  it  is  a  two  step  process  of  initiating  a  fast  pyrolysis 
flame,  which,  in  turn,  stabilizes  and  starts  the  direct  coupling 
process  of  the  plasma  energy  into  the  flame  for  full  re-ignition  to 
occur. 

Index  Terms — Auto-ignition  temperature,  laser  induced  fluores¬ 
cence,  plasma  assisted  combustion,  re-ignition. 

I.  Introduction 

PLASMA-ASSISTED  combustion  and  ignition  are  believed 
to  be  promising  technologies  that  can  enable  highly  ef¬ 
ficient  thermal  energy  conversion  and  stable  ignition  under 
practical  and  harsh  environments  [1],  [2].  Combining  electro¬ 
magnetic  radiation  with  thermal  oxidation  leads  to  faster  and 
more  intense  chemical  energy  conversion,  increased  stability  in 
the  lean  flammability  limit,  improved  fuel  efficiency  through 
more  complete  combustion,  reduction  of  pollution  by  altering 
oxidation  by-products,  stable  fuel  oxidation  across  a  broader 
range  of  pressures  and  temperatures,  and  more  reliable  and 
rapid  ignition  [3] — [8],  It  is  also  particularly  promising  in  the 
development  of  next-generation  hypersonic  propulsion  systems 
in  which  the  ignition  of  the  high-speed  gases  is  a  critical  issue 
to  be  resolved  [3],  [8], 
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Currently,  various  research  groups  are  working  on  the  exact 
mechanism  for  flame  and  ignition  enhancement  by  a  plasma 
discharge  and  have  provided  insights  into  various  aspects  of 
this  complicated  process  [9]— [  14] .  It  appears  that  the  electro¬ 
magnetic  energy  alters  the  reaction  chemistry  by  the  follow¬ 
ing:  1)  the  decomposition  of  the  fuel  from  larger  to  smaller 
hydrocarbons  and  the  creation  of  radicals  via  collision  with 
electrons;  2)  the  radiation-induced  electron  excitation;  3)  the 
increased  flame  temperature  by  ohmic  heating;  4)  the  increase 
in  excited-state  species,  ions,  and  electrons;  and  5)  the  in  situ 
fuel  reformation.  A  large  number  of  different  discharge  sys¬ 
tems  including  microwave,  direct  current,  radio  frequency,  etc., 
have  been  investigated  by  various  research  groups  [9]— [  17] 
using  both  experimental  and  numerical  approaches.  The  mech¬ 
anism  of  plasma-assisted  ignition  has  been  also  intensively 
investigated  with  several  possible  mechanisms  proposed  such 
as  localized  ohmic  heating,  catalytic  NOx  enhancement,  and 
nonequilibrium  dissociation  and  excitation  of  oxygen  and  fuel 
[1],  [18],  [19].  Many  of  the  studies  of  plasma-assisted  ignition 
have  been  devoted  to  the  use  of  a  high-voltage  nanosecond 
discharge  below  self-ignition  threshold,  which  shows  that  the 
enhancement  is  primarily  associated  with  kinetic  mechanisms 
from  O  and  H  atoms  dissociated  by  the  plasma  [20]— [22]. 

In  our  previous  work,  we  have  looked  into  an  efficient  plasma 
enhancement  concept  where  the  plasma  energy  is  directly  cou¬ 
pled  into  the  reaction  zone  [16],  [23],  enabling  the  ionization  to 
occur  at  very  low  power  levels.  The  electric  field  interacts  with 
the  ions  and  the  electrons  already  present  in  the  flame  to  initiate 
a  plasma  discharge,  which,  in  turn,  accelerates  the  combustion 
chemistry.  As  the  plasma  is  sustained  by  the  pilot  flame  in 
this  case,  what  happens  when  the  pilot  flame  is  extinguished 
and  re-ignition  is  required?  This  paper  is  an  extension  of  that 
effort  to  investigate  the  re-ignition  conditions  that  are  required 
in  this  type  of  concept.  Here,  we  study  the  conditions  where 
the  plasma  discharge  is  self-sustained  in  the  event  that  the 
pilot  flame  is  extinguished  using  laser  and  optical  diagnostics 
to  identify  the  radical  concentrations  and  the  thermodynamic 
state.  Once  the  plasma  is  established,  it  will  act  as  the  re¬ 
ignition  source,  and  the  conditions  of  the  plasma  plume  are 
once  again  characterized  using  optical  measurements.  The  term 
“re-ignition”  in  this  paper  refers  to  the  ignition  of  premixed 
flow  re-introduced  to  the  plasma  zone  after  the  flame  has 
been  extinguished.  The  interval  time  is  on  the  order  of  more 
than  10  s  to  make  sure  that  the  remaining  unstable  and/or 


0093-3813/$26.00  ©  201 1  IEEE 


Report  Documentation  Page 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

14  DEC  2011 


2.  REPORT  TYPE 


3.  DATES  COVERED 

00-00-2011  to  00-00-2011 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


4.  TITLE  AND  SUBTITLE 

Microwave-Plasma-Coupled  Re-Ignition  of  Me thane-and- Oxygen 
Mixture  Under  Auto-Ignition  Temperature 

6.  AUTHOR(S) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  8.  PERFORMING  ORGANIZATION 

Michigan  State  University, Department  of  Mechanical  Engineering, East  report  number 

Uansing, MI, 48824 

9.  SPONSORING/MONITORING  AGENCY  NAME(S )  AND  ADDRESS(ES )  10.  SPONSOR/MONITOR' S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

The  re-ignition  phenomenon  is  observed  when  fuel/  oxidizer  is  re-introduced  into  an  atmospheric-pressure 
plasma  discharge  generated  by  cutting  off  the  gas  flow  in  a  re-entrant  microwave-plasma  applicator  system 
used  for  plasma-assisted  ignition  and  combustion  research  works.  Results  indicate  that,  for  re-ignition  to 
occur,  the  electric  field  must  be  strong  enough  to  fully  establish  a  weakly  ionized  and  self-sustained  plasma 
discharge  and  with  elevated  radical  concentrations.  The  re-ignition  was  possible  at  gas  flow  speeds  higher 
than  typical  flame  propagation  rates,  and  temperature  measurements  (thermocouple  and  N2  emission) 
reveal  that  re-ignition  occurs  under  auto-ignition  temperatures.  The  high-speed  imaging  of  the  flame 
propagation  shows  that  it  is  a  two  step  process  of  initiating  a  fast  pyrolysis  flame,  which,  in  turn,  stabilizes 
and  starts  the  direct  coupling  process  of  the  plasma  energy  into  the  flame  for  full  re-ignition  to  occur. 

15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF 

ABSTRACT 

OF  PAGES 

RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

7 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


3308 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE,  VOL.  39,  NO.  12,  DECEMBER  2011 


gap  g  is  localized 
coupling  region 


brass  plug 


Control  System 


Power 

Supply 


mono  pole 
antenna  loop 


Directional 

Coupler 


Load 


rr — ji 

r — 1 

|  ^  ^  Power  Meter 

•  • 

Fig.  1.  Diagram  of  re-entrant  microwave-plasma  cavity  and  combustion 
system. 


excited-state  species  generated  by  the  previous  fuel-oxidizer 
mixture  do  not  affect  the  re-ignition  process.  Flame  propaga¬ 
tion  during  the  re-ignition  process,  as  a  function  of  reactant 
flow  rate,  has  been  also  investigated.  The  re-ignition  phenom¬ 
ena,  which  can  occur  in  this  highly  efficient  direct-coupled 
microwave-plasma-enhanced  combustion  system,  can  provide 
a  fundamental  understanding  of  the  relevant  chemistry  and 
thermodynamic  influences  and  will  contribute  to  the  use  of  such 
concepts  for  practical  systems  in  the  future. 

II.  Experimental  Setup 
A.  Microwave  Re-Entrant  Cavity  Applicator 

The  coaxial  re-entrant  cavity  applicator  used  in  this  paper 
was  previously  introduced  [23],  [24],  and  only  a  brief  descrip¬ 
tion  will  be  given  here.  The  torch  was  developed  for  coupling 
microwave  energy  directly  into  the  reaction  zone.  The  “direct 
plasma  coupling”  concept  offers  the  advantage  of  efficient 
plasma  initiation  and  stabilization  at  relatively  low  plasma 
power. 

Fig.  1  shows  a  photo  and  a  schematic  of  this  microwave- 
plasma  applicator.  The  2.45-GHz  microwave  energy  is  trans¬ 
mitted  via  a  coaxial  cable  and  emitted  with  a  monopole  antenna 
loop.  When  the  relative  location  of  the  torch,  the  antenna,  and 
the  baseplate  are  adjusted  using  the  unislides,  an  optimized  res¬ 
onant  mode  can  be  found,  where  most  of  the  energy  is  focused 
into  the  region  between  the  edge  of  the  outer  cavity  and  the 
end  of  the  combustion  torch.  There  are  several  nearby  operating 
modes  that  can  be  accessed  by  changing  the  combination  of 
the  three-way  adjustments.  We  select  a  mode  that  allows  the 
center  torch  to  be  exposed  outside  the  main  chamber,  so  that 
the  flame  is  clearly  visible  and  can  accommodate  laser  and 
optical  diagnostics.  The  chamber  itself  is  35  mm  in  diameter 
and  is  generally  optimized  to  a  length  of  around  3  cm  (A/4 
for  2.45  GHz).  The  chamber  is  constructed  of  brass,  which 
can  be  considered  a  perfect  electrical  conductor  for  practical 
purposes.  The  small  insert  on  the  left  side  shows  a  photo  of 
the  flame  with  20-standard-cm3/min  (SCCM)  methane  and 


40-SCCM  oxygen.  Here,  standard  conditions  refer  to  a  temper¬ 
ature  of  273.15  K  and  a  pressure  of  101.325  kPa. 

In  the  lower  half  of  Fig.  1,  the  setup  and  the  components  for 
the  microwave  power  supply,  and  the  measurement  system  are 
shown.  It  consists  of  a  power  supply,  two  directional  couplers, 
two  power  meters  with  a  power  sensor,  and  a  circulator.  Two 
directional  couplers  and  two  power  meters  are  used  because 
both  the  incident  power  and  the  reflected  power  have  to  be 
measured  and  calibrated.  This  system  is  used  to  select  the  exact 
resonant  modes  and  monitor  the  absorbed  power  that  is  coupled 
into  the  plasma  applicator  system. 


B.  Diagnostic  Methods 

Several  optical  diagnostic  methods  were  used  in  this  paper, 
including  laser-induced  fluorescence  [hydroxyl  (OH),  carbon 
monoxide  (CO),  and  atomic  oxygen  (O)],  emission  measure¬ 
ments  (OH  and  N2  emissions),  and  high-speed  photography  (a 
frame  rate  of  10  kHz). 

The  excitation  of  OH  was  made  using  the  Q\  (8)  transition 
from  the  A2Y,+  —X2Y\  (1,0)  [25]  band,  which  requires 
narrow-band  ultraviolet  light  near  283  nm.  The  measurements 
were  conducted  using  a  dye  laser  (Lumonics  Hyperdye 
HD-300)  with  the  output  of  7-ns  pulses  at  566  nm,  which  was 
subsequently  frequency  doubled  through  an  Inrad  Autotracker 
(ATM)  to  a  final  frequency  of  283  nm.  The  laser  is  pulsed  at 
10  Hz  with  a  spectral  linewidth  of  about  0.1  cnT1  at  283  nm. 
The  pulse  energy,  typically  8  mJ  per  pulse,  was  digitally 
recorded  using  a  fast  photodiode  and  an  oscilloscope.  The  laser 
was  expanded  into  a  sheet,  and  the  fluorescence  signal  was 
collected  at  90°  using  an  intensified  charge-coupled-device 
(CCD)  camera  with  a  WG305  filter.  A  flat  flame  test  burner 
was  used  for  the  calibration  of  the  laser  wavelength,  and  a 
Hencken  burner  was  used  to  correlate  the  signal  intensity  with 
the  actual  OH  number  density. 

CO  in  the  reaction  zone  was  measured  using  two-photon 
planar  laser-induced  fluorescence  (LIF),  pumping  the  B1  E+  — 
X1T,+  (0,0)  transition  at  230.10  nm  [26].  The  measurements 
are  based  on  assumptions  made  that  the  rate  of  photoionization 
is  higher  than  that  of  quenching  and  predissociation  [27]  and 
that  the  interference  of  C2  by  laser  photodissociation  is  minimal 
using  our  filter  selection  [26] .  The  correction  for  pulse-to-pulse 
fluctuations  is  important  due  to  the  sensitivity  with  the  LIF 
signal  and  was  taken  into  consideration  for  all  the  cases.  The 
emission  spectrum  of  CO  reaches  maximum  at  230.10  nm.  The 
532-nm  beam  from  a  Newport  Nd:YAG  was  used  to  pump  a 
Sirah  Precisionscan  LG-2400  dye  laser  operating  with  Exciton 
DCM  dye.  The  653-nm  output  of  the  dye  laser  was  sum- 
frequency-mixed  with  the  third  harmonic  beam  (355  nm)  from 
the  injection-seeded  Nd:  YAG  laser  to  produce  230-nm  radiation 
(linewidth  ~  0.1  cm-1)  needed  for  the  two-photon  LIF.  The 
pulse  energy  is  digitally  recorded  using  an  energy  monitor  from 
LaVision. 

Atomic-oxygen  LIF  was  achieved  using  ~226-nm  laser  light, 
with  a  transition  of  3p3P  —  2p3P,  after  which  the  molecules 
are  transition  to  a  3s3  state  while  emitting  fluorescence  light 
at  844.87  nm.  The  experiment  pressure  (1  bar)  results  in  a 
nonnegligible  collisional  quenching  and  a  subsequent  decrease 
in  fluorescence  quantum  [28].  Due  to  the  complexity  of  all  the 
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spectroscopic  and  optical  parameters  related  to  the  observed 
LIF  signal  and  photolytic  and  multiphoton  effects  with  O2  and 
CO2,  the  relative  signal  intensity  will  be  presented  here  for 
a  first-order  qualitative  comparison.  The  measurements  were 
conducted  using  a  dye  laser  (Sirah  Precisionscan-LG-2400) 
with  two-stage  amplification.  The  532-nm  laser  beam  was  used 
to  pump  a  dye  laser  and  is  then  sum-frequency  mixed  with 
355  nm  (third  harmonic)  of  Nd:YAG  to  a  final  output  frequency 
of  226.03  nm.  Laser  pulse  energy  ranged  from  10  ~  13  mJ  per 
pulse  with  a  7-ns  pulse  duration.  The  laser  is  pulsed  at  10  Hz 
with  a  final  linewidth  of  0.2  cm-1  at  226.03  nm. 

The  OH  emission  spectrum  is  used  to  calculate  the  OH  rota¬ 
tional  temperature  in  the  plasma-assisted  combustion  reaction 
zone  using  a  0.033-nm  resolution  scan  over  emission  between 
307  and  308  nm.  As  the  signal  is  from  chemically  excited 
species,  the  emission  intensity  is  a  relative  measure  of  con¬ 
centration.  For  the  reported  temperatures,  the  OH  population  of 
individual  energy  states  is  assumed  to  follow  a  Boltzmann  dis¬ 
tribution,  and  the  rotational  thermometry  is  carried  out  by  using 
four  transitions  [R2(U)  (307.1145  nm),  i?2(15)  (307.3028  nm), 
i?2(4)  (307.4369  nm),  and  R2( 3)  (307.7028  nm)]  [29], 

In  an  atmospheric  air  discharge,  the  OH  rotational  thermom¬ 
etry  is  not  feasible  due  to  the  lack  of  hydrogen.  In  this  case,  we 
used  emission  from  the  second  positive  system  of  molecular 
nitrogen  (C3  ]”[  —BA  ]”[,  Av  =  2).  This  transition  is  used  due 
to  its  signal  intensity  and  its  clearly  resolved  individual  vibra¬ 
tional  bands.  Moreover,  these  emission  lines  between  365  and 
385  nm  are  far  from  other  air  emission  lines,  and  thus,  there  is 
less  interference.  The  measured  spectrum  was  compared  with 
numerically  generated  spectra  for  both  the  rotational  and  vibra¬ 
tional  temperatures  [30].  Here,  it  is  assumed  that  the  rotational 
and  vibrational  temperatures  are  in  partial  equilibrium,  the 
upper  energy  level  is  in  nonequilibrium  between  the  vibrational 
and  rotational  modes,  and  every  internal  energy  mode  forms  an 
equilibrium  state  based  on  the  Boltzmann  distribution  function. 
For  comparison,  thermocouple  measurements  have  also  been 
made  using  a  probe  bead  of  0.02  in  diameter.  It  is  acknowledged 
that  the  thermocouple  will  interfere  with  the  discharge;  how¬ 
ever,  the  temperatures  are  collected  at  the  tip  of  the  discharge 
to  minimize  this  effect,  and  the  resulting  temperatures  provide 
valuable  estimation  of  the  rough  thermodynamic  conditions  in 
the  plasma  discharge. 

Photographic  images  of  the  air  microwave  discharge  were 
taken  using  a  standard  CCD  camera,  while  the  re-ignition 
process  and  the  flame  evolution  were  recorded  with  a  high¬ 
speed  camera  Photron  FASTCAM  SA5  with  high  frame  rates 
up  to  10  kHz. 


III.  Results  and  Discussion 

A.  Microwave-Discharge-Assisted  Combustion 
of  Methane/Oxygen 

The  first  important  issue  is  to  understand  under  what  condi¬ 
tions  the  plasma  is  able  to  self-sustain  (and  enable  re-ignition)  if 
the  pilot  flame  is  extinguished.  Images  of  the  pilot  flame  and  the 
microwave  interaction  using  methane  and  oxygen  are  shown  in 
Fig.  2.  It  is  clearly  shown  that  three  distinct  stages  are  observed, 
depending  on  the  input  microwave  power.  In  Stage  I,  termed  the 
“electric-field-enhanced  stage,”  the  microwave  energy  is  low, 


Fig.  2.  Images  of  CH4/O2  flame  versus  microwave  power  with  three  stages 
of  plasma  coupling  (100-SCCM  total  flow  rate  at  <f>  =  1.1). 

and  only  a  small  amount  of  microwave  energy  is  coupled  into 
the  flame,  but  no  microwave  plasma  is  produced.  The  flame 
does  not  visually  change  while  the  flammability  and  the  flame 
speed  are  increased,  and  slight  increases  in  temperature  due  to 
ohmic  heating  and  in  situ  fuel  reforming  are  observed  [23].  As 
the  microwave  power  increases  between  6  and  10  W,  shown  in 
the  figure  as  Stage  II,  i.e.,  the  “transition  stage,”  a  plasma  plume 
is  initiated.  As  the  microwave  power  is  increased  further  over 
10W  and  into  Stage  III,  i.e.,  the  “full  plasma  stage,”  the  reaction 
zone  is  overlapped  and  dominated  by  a  full  plasma  plume.  We 
have  found  that  the  plasma  will  self-sustain  after  the  flame  (fuel 
and  oxygen)  is  shut  off  when  the  microwave  power  is  higher 
than  10  W  and  a  weakly  ionized  discharge  is  fully  developed 
in  Stage  III.  The  plasma  can  subsequently  re-ignite  the  flame 
when  the  gas  mixture  is  put  back  into  the  system,  and  therefore, 
this  range  is  shown  in  Fig.  2  as  the  “re-ignition  regime.”  The 
atmospheric  microwave  air  discharge  and  re-ignition  process 
will  be  discussed  in  greater  detail  in  the  following  sections. 

To  understand  the  conditions  of  the  re-ignition  regime  that 
enables  the  plasma  to  be  self-sufficient,  quantitative  measure¬ 
ments  of  key  combustion  radicals  (OH,  CO,  and  O)  and  temper¬ 
ature  in  the  reaction  zone  were  made  and  are  presented  in  Fig.  3. 
The  total  flow  rate  for  all  these  measurements  is  60  SCCM  with 
an  equivalence  ratio  of  </>  =  1.0  at  a  location  5  mm  above  the 
torch  tip. 

Shown  in  the  upper  portion  of  Fig.  3,  the  OH  concentration 
in  the  first  stage  (0-6  W)  does  not  noticeably  increase  when  the 
measurement  uncertainty  is  considered  (~8%).  There  is  insuf¬ 
ficient  microwave  energy  to  generate  a  cascade  of  ionization 
leading  to  a  plasma  discharge.  In  the  “transition  stage,”  the 
electron  temperature  exceeds  the  gas  temperature,  leading  to 
inelastic  collisions  for  excitation,  dissociation,  and  ionization 
to  generate  new  species  and  eventually  break  down  to  initiate 
a  plasma  discharge.  At  the  same  time,  the  OH  concentration 
dramatically  increases  with  important  reaction  pathways,  i.e., 
H20  +  e~  ->  e“  +  H  +  OH,  H20  +  O  ->  OH  +  OH,  and 
H  +  02  — >  OH  +  O  [3 1].  When  the  microwave  power  is  even 
higher  in  Stage  III,  the  OH  number  density  is  relatively  stable 
partly  due  to  a  higher  volume  despite  a  slightly  higher  energy 
coupling  efficiency.  This  extra  energy  is  required  to  sustain  the 
ionization  when  the  flame  is  extinguished. 

Moreover,  shown  in  the  upper  portion  of  Fig.  3,  the  CO  num¬ 
ber  density  is  shown  using  a  calibrated  value  from  Chemkin 
simulations  using  GRI-mech  3.0  [32]  with  1-D  flame  mod¬ 
eling  of  methane  and  oxygen.  Overall,  the  CO  number  den¬ 
sity  increases  with  the  microwave  power.  In  Stage  I,  the 
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Fig.  3.  Number  density  of  OH  and  CO,  relative  O  LIF  signal  intensity,  and 
OH  rotational  temperature  versus  microwave  power  within  the  three  stages  of 
plasma  coupling  (60-SCCM  total  flow  rate  at  <j>  =  1.1). 


in  situ  fuel  reforming  (to  hydrogen  and  carbon  monoxide), 
as  well  as  the  temperature  increase,  is  expected  to  contribute 
to  the  enhancement  in  the  flammability  limits  and  the  flame 
speed.  Fuel  reforming  is  observed  from  Stage  I  and  is  seen 
to  dramatically  increase  through  Stage  II.  Calculations  show 
that,  in  our  configuration,  18%  of  the  total  methane  undergoes 
reforming  to  syngas  at  30  W  of  microwave  power,  which  is 
significant  considering  the  competing  oxidation  reactions  that 
subsequently  lead  to  CO2.  The  relative  atomic  oxygen  (O) 
LIF  signal  and  the  OH  rotational  temperature  are  shown  in 
the  lower  portion  of  Fig.  3.  Atomic  oxygen  is  monitored  here 
mostly  because  it  was  reported  as  a  critical  role  in  the  kinetics 
of  plasma-enhanced  flames  [28]  and  also  as  a  key  radical  in 
the  self-sustainment  of  the  plasma  itself.  The  atomic-oxygen 
LIF  emission  increases  with  increased  power  similar  to  the 
trend  of  the  other  molecules  with  rapid  propagation  in  Stage  II, 
mainly  from  C>2  +  e— >  O  +  O  +  e  [33].  The  OH  rotational 
temperature  increases  over  the  whole  power  range  of  10-30  W. 

From  the  results,  we  find  that  the  conditions  for  the  plasma  to 
self-sustain  in  the  event  of  the  pilot  flame  being  extinguished  is 
that  the  chemistry  of  the  direct  coupling  is  fully  developed  into 
a  weakly  ionized  discharge  and  the  excess  energy  is  pumped 
into  the  system.  At  this  stage,  the  radical  concentrations  have 
been  also  dramatically  increased  and  almost  maxed  out.  Below 
10  W,  the  low  temperature,  degree  of  ionization,  ionized  vol¬ 
ume,  and  electric-field  strength  fail  to  sustain  the  plasma  dis¬ 
charge,  and  a  general  collapse  of  the  combustion  stabilization 
is  expected. 


B.  Atmospheric  Microwave  Air  Discharge 

Once  the  flame  is  extinguished  and  the  plasma  discharge  is 
self-sustained  in  atmospheric  air,  it  needs  to  act  as  the  ignition 
source  for  the  fuel-air  mixture.  A  set  of  images  of  this  discharge 
(without  flame)  at  different  microwave  power  levels  is  shown  in 
Fig.  4.  The  top  row  is  taken  from  a  side  view,  and  the  bottom 
row  is  taken  by  looking  straight  down  onto  the  torch.  In  the  top 
row,  a  white  circle  is  marked  to  show  the  edge  of  the  cavity. 
A  first  observation  is  that  the  size  and  the  emission  intensity 
increases  with  increased  microwave  power.  Without  the  flame 
present,  there  is  no  dominant  force  to  center  the  discharge,  and 


Fig.  4.  Images  of  the  microwave  air  discharge  versus  microwave  power  taken 
from  (top  row)  the  side  and  (bottom  row)  the  top. 


Fig.  5.  Temperature  (thermocouple  and  rotational  N2  emission)  of  the  mi¬ 
crowave  air  discharge  with  different  power  levels  (left  y-axis).  Visible  plasma 
volume  with  different  power  levels  (right  y-axis). 


it  wanders  from  side  to  side  on  the  tip  of  the  torch.  In  the  air- 
discharge-only  case  shown  in  Fig.  4,  the  electric  field  is  high 
enough  to  sustain  this  air  discharge  even  without  the  excess 
heat  and  radicals  from  a  pilot  flame.  The  electron  density  is 
estimated  to  be  around  1012~13  cm-3  in  these  conditions  [34]. 

The  parameters  of  these  microwave  discharges  (thermocou¬ 
ple  temperature,  N2  rotational  temperature  from  emission,  and 
plasma  volume)  are  measured  and  shown  in  Fig.  5.  The  temper¬ 
atures  derived  from  both  the  thermocouple  and  the  N2  emission 
increase  with  higher  microwave  power  in  the  same  temperature 
range.  It  is  interesting  to  note  that  all  the  measured  temperatures 
are  below  the  methane  self-ignition  temperature  at  atmospheric 
pressure,  which  is  about  810  K  [35],  but  the  discharge  is  able  to 
re-ignite  the  gas  mixture  when  it  is  put  back  into  the  system.  For 
all  the  temperatures  measured  from  10  to  30  W,  the  temperature 
ranges  from  500  to  765  K  using  either  thermocouple  or  N2 
rotational  temperature  measurements.  However,  this  does  not 
preclude  the  possibility  of  transient  hotspots  that  can  possibly 
contribute  temperatures  past  the  auto-ignition  temperature  for 
critical  ignition  volume.  The  ignition  capacity  in  terms  of  input 
power  will  be  discussed  in  the  following  section.  Moreover, 
from  Fig.  4,  we  can  estimate  a  visible  plasma  volume  assuming 
a  spherical  shape  of  the  microwave  air  discharge.  The  slope 
of  the  plasma  volume  increase  is  greater  at  higher  microwave 
power  than  at  lower  microwave  power,  due  not  only  to  the 
increase  in  ions  and  electrons  but  also  to  the  increased  mean 
free  path  at  higher  temperatures.  We  do  note  that,  when  we 
calculate  the  plasma  power  density  from  the  ratio  of  microwave 
power  over  the  visible  discharge  volume  (intense  center  core), 
we  get  a  decreased  plasma  power  density  with  high  power. 
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Fig.  6.  Total  flow  rate  limits  with  different  microwave  power  levels  for  lean, 
stoichiometric,  and  rich  conditions  of  re-introduced  flow  (left  y-axis).  Atomic- 
oxygen  LIF  signal  intensity  with  different  microwave  power  levels  (right 
y-axis). 

Nonetheless,  the  emission  is  stronger  at  higher  powers,  and  the 
excited  state  radicals  are  expected  to  play  a  larger  role  in  the 
re-ignition  process. 


C.  Re-Ignition  of  Methane  and  Air  Flow  in  the  Microwave 
Discharge  of  Ambient  Air  Under  Auto-Ignition  Temperature 

This  section  addresses  the  re-ignition  process  when  the  gases 
are  reintroduced  to  the  self-sustained  plasma  discharge.  The 
addition  of  plasma  has  been  shown  to  ignite  different  fuel-air 
mixtures  below  the  auto-ignition  threshold  [22],  and  the  same 
is  observed  here  based  on  thermocouple  measurements  and 
emission  spectroscopy.  We  have  tried  to  quantify  the  re-ignition 
capacity  of  the  plasma  discharge  with  the  microwave  power 
between  10  and  30  W  by  increasing  the  reactant  flow  rate  of 
the  gas  until  we  achieved  blowoff.  At  each  equivalence  ratio 
and  microwave  power  level,  we  increased  the  total  reactant  flow 
rate  of  the  gas  mixture,  which  is  put  back  into  the  system  until 
re-ignition  could  no  longer  be  achieved.  The  results  are  plotted 
in  Fig.  6  for  different  equivalence  ratios  (stoichiometric,  rich, 
and  lean).  At  the  lowest  microwave  power  shown  here  (10  W), 
the  flow  rate  is  about  three  times  higher  than  the  total  flow  rate 
limit  possible  to  stabilize  flame  at  the  stoichiometric  condition 
without  any  microwave  power.  The  total  flow  rate  limit  without 
any  microwave  power  is  100  SCCM. 

It  is  clear  from  Fig.  6  that  the  total  flow  rate  limits  almost 
linearly  increase  with  increased  power.  Moreover,  the  limits 
for  the  re-introduced  fuel-lean  mixture  are  the  highest  among 
the  lean,  stoichiometric,  and  rich  ones,  which  agrees  well  with 
the  theoretical  understanding  of  minimum  ignition  energy  as 
a  function  of  equivalence  ratio.  To  probe  the  reason  for  this 
dependence  on  the  equivalence  ratio  and  the  power,  the  atomic- 
oxygen  LIF  was  conducted  in  this  region  and  presented  in 
Fig.  6  (right  y- axis).  We  estimate,  in  general,  one  order  less  of 
atomic  oxygen  in  the  microwave  air  discharge  than  that  in  the 
flame  discussed  in  the  previous  sections  based  on  the  intensifier 
gain  and  the  signal  intensity.  We  can  see  a  clear  relationship 
between  the  atomic-oxygen  LIF  signal  intensity  and  the  total 
flow  rate  limits  for  different  microwave  power  levels.  The 
increase  in  atomic  oxygen  with  higher  microwave  power  (and 
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Fig.  7.  Set  of  images  for  the  re-ignition  process  at  20  W  with  a  re-introduced 
total  flow  rate  of  100  SCCM  with  an  equivalence  ratio  of  1.1. 


lower  equivalence  ratios)  can  possibly  explain  the  increase  in 
total  flow  rate  blowoff  limits.  It  is  believed  that  atomic  oxygen 
helps  ignition  through  reaction  O  +  CH3  — >  H  +  CH20  as  the 
reaction  rate  of  O  +  CH4  — >  OH  +  CH3  is  negligible  [28].  CH3 
in  the  first  reaction  mostly  comes  from  the  electron  dissociation 
reaction  and  the  reactions  with  electronically  excited  nitrogen. 
Combining  the  discharge  temperature  and  the  atomic-oxygen 
measurement  here,  we  believe  that  the  re-ignition  results  from  a 
temperature  increase  (still  below  the  auto-ignition  temperature) 
and  the  kinetic  enhancement  from  the  discharge  (e.g.,  the 
initiation  of  chain  branching  reactions)  including  reactions  with 
increased  atomic  oxygen. 

To  investigate  the  temporal  evolution  of  flame  initiation  and 
stabilization  during  the  re-ignition,  a  high-speed  camera  was 
used.  Fig.  7  shows  a  series  of  images  for  this  re-ignition  process 
at  20  W  with  a  re-introduced  reactant  flow  rate  of  100  SCCM 
for  methane  and  oxygen  with  an  equivalence  ratio  of  1.1.  The 
number  on  the  top  of  each  image  is  the  time,  in  milliseconds, 
starting  at  the  onset  of  emission  from  oxidation  reactions.  The 
images  were  taken  at  a  repetitive  rate  of  10000  Hz  with  an 
exposure  time  of  50  ps.  In  a  very  short  time  after  the  first 
image,  a  faint  “ghost”  flame  quickly  forms  and  then  evolves 
to  a  smaller  structure  as  the  flame  speed  grows  and  the  flame  is 
stabilized.  This  effect  is  due  to  the  initial  breakdown  of  methane 
by  the  discharge;  the  microwave  discharge  is  able  to  ignite  the 
mixture,  but  it  has  yet  to  fully  couple  with  the  plasma.  After 
25  ms,  the  plasma  energy  starts  to  couple  into  the  flame,  which 
leads  to  a  larger  flame  structure  and  to  the  reduction  of  the  glow 
from  the  plasma  discharge.  The  flame  continues  to  grow  in  size, 
and  the  total  time  for  full  stabilization  in  Fig.  7  is  about  900  ms. 
Experiments  with  different  microwave  powers  have  yielded 
similar  results,  and  the  stabilization  time  for  the  microwave 
power  between  10  and  30  W  is  summarized  in  Table  I.  As 
expected,  the  stabilization  time  becomes  smaller  with  higher 
microwave  power  as  the  higher  discharge  power  and  more 
radical  concentration  stabilize  the  ignition  process  faster.  Our 
observations  show  that  results  at  higher  flow  rates  reveal  that 
the  initial  “ghost”  flame  has  no  time  to  stabilize  and  cannot 
therefore  anchor  itself  long  enough  to  draw  in  the  plasma 
energy  for  re-ignition  to  occur.  In  summary,  the  results  show 
that  the  re-ignition  occurs  below  the  auto-ignition  temperature 
and  is  a  two-step  process  of  initiating  a  fast  pyrolysis  flame, 
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TABLE  I 

Microwave  Discharge  Parameters  for  Powers  Between  0  and  30  W 


Microwave  Power 

W 

0 

5 

10 

15 

20 

25 

30 

Microwave  Air  Discharge  Volume 

mm1 

0 

0 

35.8 

68.2 

106.75 

214.2 

387.1 

N2  rotational  temperature 

K 

n/a 

n/a 

515 

535 

580 

665 

765 

Thermocouple  Temperature 

K. 

n/a 

n/a 

618 

643 

681 

713 

733 

Stabilization  Time 

ms 

n/a 

n/a 

1,000 

940 

900 

870 

850 

which,  in  turn,  initiates  the  direct  coupling  of  the  plasma  energy 
for  full  re-ignition  to  occur. 

IV.  Conclusion 

LIF  (OH,  CO,  and  O),  emission  measurements,  and  high¬ 
speed  photography  have  been  used  to  characterize  the  re¬ 
ignition  process  in  an  efficient  direct-coupled  microwave- 
plasma-enhanced  combustion  system.  A  three-stage  coupling 
process  has  been  found  for  different  levels  of  microwave  power 
input,  and  the  direct  coupling  concept  can  lead  to  higher  flam¬ 
mability  limits  and  flame  speed.  The  OH  concentration  reaches 
and  stays  highest  in  Stage  III,  whereas  CO,  O  concentration, 
and  OH  rotational  temperature  increase  throughout  all  stages. 
In  Stage  III  (microwave  power  exceeds  10  W),  re-ignition 
is  achieved  when  methane/oxygen  is  re-introduced  into  an 
atmospheric-pressure  plasma  discharge  after  cutting  off  the  gas 
flow  to  extinguish  the  flame  in  a  re-entrant  microwave-plasma 
applicator  system.  Experiments  show  that,  for  re-ignition  to  oc¬ 
cur,  the  electric  field  must  be  strong  enough  to  fully  establish  a 
weakly  ionized  and  self-sustained  plasma  discharge  (Stage  III), 
with  elevated  radical  concentrations,  before  the  ignition  kernel 
is  extinguished.  The  re-ignition  can  occur  at  gas  flow  speeds 
several  times  higher  than  typical  flame  propagation  rates.  Tem¬ 
perature  measurements  using  both  thermocouple  measurements 
and  rotational  N2  thermometry  from  spectrally  resolved  emis¬ 
sion  spectroscopy  have  been  used.  These  measurements  also 
reveal  that  re-ignition  occurs  below  auto-ignition  temperatures. 
High-speed  imaging  of  the  flame  propagation  of  the  whole 
phenomenon  shows  that  this  is  a  two-step  process  of  initiating 
a  light  fast  pyrolysis  flame,  which,  in  turn,  starts  the  direct 
coupling  process  of  the  plasma  energy  into  the  flame  for  full 
re-ignition  to  occur  and  stabilize. 
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